Abstract In this study, the major factors affecting both cell growth and astaxanthin production of Chlorella zofingiensis under dark were identified and optimized through statistical methods. A Plackett-Burman design was initially used to evaluate seven culture factors, of which glucose, NaNO 3 , and MgSO 4 ·7H 2 O were found to be the most important in affecting C. zofingiensis. The central composite design and response surface methodology (RSM) were further used to optimize these factors. The optimized glucose, NaNO 3 , and MgSO 4 ·7H 2 O concentrations for cell growth were 46.7, 1.13, and 0.125 g/L MgSO 4 · 7H 2 O respectively, and for astaxanthin production were 35.2, 0.281, and 0.023 g/L, respectively. After the optimization, a two-stage culture strategy was employed to further maximize astaxanthin production, and the results showed that the astaxanthin yield of C. zofingiensis could reach 15.1 mg/L, which was 74% higher than that achieved in batch culture using the basal medium (i.e., 8.7 mg/L).
Introduction
Astaxanthin is a high-value ketocarotenoid with potential application in aquaculture, mostly as colorant for imparting the reddish-orange color on the flesh of salmons (1, 2) . The pigment also possesses extremely high antioxidant activity, and can enhance the immune system and has demonstrated its potential in the treatment of cancers and diabetes in the clinic (3, 4) . Traditionally, astaxanthin is produced by photoautotrophic microalgae, of which Haematococcus pluvialis is superior in terms of its ability to accumulate a substantial amount of astaxanthin when cultivated under environmental stress conditions with the supply of light (5) (6) (7) . The slow growth rate and the requirement of high light intensity for astaxanthin accumulation, however, greatly hinder the application of H. pluvialis (8, 9) .
High-cell-density culture under dark growth conditions is an important strategy to reduce the cost of production and minimize the production area (10) (11) (12) . For successful application and large-scale commercial production of astaxanthin, the achievement of high-cell-density culture is of crucial importance.
The green microalga Chlorella zofingiensis can grow well and accumulate astaxanthin under dark heterotrophic culture conditions (13) (14) (15) . The kinetics of cell growth and astaxanthin accumulation of C. zofingiensis had been investigated and the results indicated that glucose and nitrate were the major nutrients affecting astaxanthin formation (14, 15) . These studies, however, employed the 'one-factor-at-a-time' technique, which is time-consuming and incapable of finding the optimal conditions, especially when interactions between independent factors existed (16) . To overcome the shortcoming of the 'one-factor-at-atime' technique, the holistic approach of the response surface methodology (RSM) could be employed (17) (18) (19) . In addition to the influences from the nutrients, the mode of cultivation such as batch, fed-batch and continuous cultures might also exert their effect on the productivity of the products. It has been reported that the yield of carotenoid in Xanthophyllomyces dendrorhous when cultivated using a two-stage culture strategy is much higher than the yield achieved in the batch culture (20) . Commercial production of astaxanthin by Haematococcus has been reported by Cynotech Corporation and Aquasearch Inc. both using a two step culture where the first stage is done photoautotrophically under controlled culture conditions in either tubular, bubble column or airlift photobioreactors and the second (reddening) stage is done in open cultivation ponds (1) . However, no such study is available on C. zofingiensis for astaxanthin production.
It is evident that the conditions for cell growth and astaxanthin production were generally optimized separately because the conditions that favored cell growth may not be good for astaxanthin accumulation. For H. pluvialis, under good growth conditions, most cells remain in the vegetative form (zoospore) and accumulate little or no astaxanthin. However, under stress conditions, the cells change to thickwalled immotile spores (cyst) and, if properly illuminated, accumulate high concentrations of astaxanthin. Separation of cell growth phase from astaxanthin production phase is therefore necessary to obtain high cell concentrations with high astaxanthin contents (12) . Considering the interactions between different nutrients, the aim of this study was to screen and optimize the culture conditions for cell growth and astaxanthin production using statistically based experimental design (i.e., RSM). A two-stage culture strategy on the basis of the optimized results was then developed for the production of astaxanthin (cell growth followed by astaxanthin production).
Materials and Methods
Alga and culture conditions The green microalga, C. zofingiensis (ATCC 30412; ATCC, Rockville, MD, USA) was obtained from the American Type Culture Collection (ATCC) and maintained in the modified Bristol's medium (15) . The algal inoculum was prepared using the basal medium which consisted of (per liter): 30 Batch, fed-Batch, and 2-stage culture experiments The culture grown in the basal medium for a period of 14-day was referred to as the batch culture. In the 2-stage culture or fed-batch culture experiments, the cells were initially cultivated in the optimized growth medium for 8 d, and subsequently transferred to the optimized production medium for astaxanthin production. The feeding medium for fed-batch culture includes glucose, NaNO 3 , MgSO 4 ·7H 2 O at 11.47, 0.281, and 0.023 g/L, respectively. For medium replacement in the two-stage culture experiment, the growth medium after cultivation was aseptically removed by centrifuging at 600×g at 4 o C for 1 min, and the cell pellet was then re-suspended in the freshly made optimized production medium. During the culture period, samples were taken from the flasks periodically for the determination of biomass concentration and astaxanthin content in the cells.
Determination of cell dry weight and glucose concentration An aliquot of 5 mL of culture was centrifuged at 3,500×g for 5 min. The pellet was resuspended in distilled water and filtered through a predried Whatman GF/C filter paper (1.2 µm pore size). The algal cells on the filter paper discs were dried at 105 o C in a vacuum oven until constant weight which were then cooled down to room temperature in a desiccators before weighing (15) . Glucose concentration in the supernatant was determined using the method of 3,5-dinitrosalicylic acid (DNS) (21) .
Determination of astaxanthin Cell pellets were obtained by centrifuging the culture samples at 3,500×g at 4 o C for 5 min and were dried in a freeze-drier (Freeze Dryer ALPHA 1-4 LD; Osterode am Harz, Germany). The freeze dried cells were grounded and extracted using 3 mL acetone with liquid nitrogen until the cells became colorless. The pigment dissolved in acetone was collected by centrifugation at 20,000×g at 4 o C for 30 min, and was subsequently dried under nitrogen gas. Then, 1 mL of the acetone was added to the dried preparation prior to HPLC analysis. The whole process was carried out in darkness.
A reversed phase-high performance liquid chromatography (RP-HPLC) method was used to quantify the free carotenoids and their esters (22) . Briefly, the extracted pigments (20 µL aliquots) were separated and analyzed on an HPLC system (Waters, Milford, MA, USA) equipped with two 1525 pumps and a 2996 photodiode array detector, using a Waters Spherisorb ® ODS2 C 18 (4.6 mm ×250 mm, 5 µm) column. Pigments were eluted at a flow rate of 1. where C was content of astaxanthin (mg/mL), and A was peak area of astaxanthin.
Experimental design and data analysis The response surface methodology was applied at the two stages. At the first stage, the significant factors for cell growth and astaxanthin production was identified using the criterion in the Plackett-Burman design and the significant factors were further optimized using a central composite design. Plackett-Burman design: Each factor was tested at two levels namely a high level denoted by (+1) and a low level denoted by (−1) as listed in Table 2 and a 12-run Plackett-Burman test was set up in duplication to study the effect of seven factors. The mean values of cell dry weight and astaxanthin content were subjected to statistical analysis using SAS JMP 7.0 software package. Factors with a significant level at 5% (p<0.05) from the regression analysis on cell dry weight and astaxanthin content were further optimized by a central composite design (CCD). Central composite design: The experimental results were fitted to a predictive quadratic polynomial equation as the correlation between the response variable and the independent factors, (1) where Y is the predicted response variable; β 0 , β i , β ii , and β ij are constant regression coefficients of the model, and X i , X j (i=1,3; j=1,3, ij) represent the independent factors (medium composition) in the form of coded values. The data obtained from the RSM were subjected to analysis of variance (ANOVA). The second order polynomial coefficients were calculated using the software package Design Expert Version 7.0 to estimate the responses of the dependent variable and response surface plots.
Results and Discussion
Screening of the significant culture factors Table 3 shows the ANOVA from the experimental responses (cell dry weight and astaxanthin content) obtained from the 12-run Plackett-Burman test (experimental design and data shown in Table 2 ). All factors except FeCl 3 ·6H 2 O had a positive effect on the cell dry weight, while glucose, the major elements and trace elements had a positive effect on the astaxanthin content of cells. Of the seven factors tested, only glucose, NaNO 3 , and MgSO 4 ·7H 2 O had a significant effect at a confidence level at p<0.05 on both the cell dry weight and the astaxanthin content. Therefore, these three factors were further optimized.
Optimization of the dry weight and astaxanthin content with CCD and RSM Based on the above screening test, the three significant factors in the CCD experiments were set in the ranges shown in Table 4 , while the other factors were fixed at the center point (same concentrations as in basal medium). Therefore, a 2 3 factorial design was derived which contained six "star" points (α= ±1.68) and two centre points. In the regression model, the factors were coded as, (2) where x i is the coded value; X i the actual value of the ith test variable; X i * the value of X i at the center point of the investigated area; Xi is the step size.
The experimental results obtained from CCD are shown in Table 5 and were fitted to a second-order polynomial equation, giving two numerical correlations: 
where Y 1 is the dry weight (g/L) and Y 2 is the astaxanthin content (µg/g cell). Table 6 and Table 7 show the ANOVA of the CCD experiments for the dry weight and astaxanthin content, respectively. The results indicated high F values (16.44 for dry weight and 35.33 for astaxanthin content) and high coefficients of determination (R 2 =0.96 for dry weight and 0.98 for astaxanthin content) with low probability values (p<0.0014 for dry weight and p<0.0002 for astaxanthin content). The above-mentioned parameters suggested that Pr was p-value 2)
*Significant at p<0.05 Table 4 . Factors and their levels of central composite design the polynomial model is sufficient to predict the accuracy of the response trends. Therefore, the regression models were employed to construct the response surface plots and to obtain the optimum condition for cell growth and astaxanthin content. Figure 1 illustrates the effects of NaNO 3 and MgSO 4 ·7H 2 O on cell dry weight and astaxanthin content when glucose was kept at an optimum level (Fig.  1) . Cell dry weight increased with increasing NaNO 3 and MgSO 4 ·7H 2 O concentrations (Fig. 1A) and the results indicated that these nutrients were favorable for cell growth. On a contrary, astaxanthin content was inversely correlated with the concentrations of NaNO 3 and MgSO 4 · 7H 2 O, indicating low levels of NaNO 3 and MgSO 4 ·7H 2 O tended to favor intracellular astaxanthin accumulation. This study suggested that the optimal levels of the nutrients for cell growth greatly differed from those for astaxanthin production. For cell growth, a medium with a relatively high concentration of the nutrients is required, while astaxanthin production needs much lower concentrations of NaNO 3 and MgSO 4 ·7H 2 O (Fig. 1) . By applying Eq. 3, the optimum point for maximum cell dry weight (12.88 g/ L) is located at x 1 =1.39, x 2 =0.88, and x 3 =1.17, which corresponds to the actual concentrations of 46.7, 1.13, and 0.125 g/L for glucose, NaNO 3 , and MgSO 4 ·7H 2 O, respectively. Similarly, by applying Eq. 4, the optimum point for maximum astaxanthin content (980 µg/g) is located at x 1 =0.43, x 2 =1.09, and x 3 =1.22, which corresponds to the actual concentration of 35.2, 0.281, and 0.023 g/L for glucose, NaNO 3 , and MgSO 4 ·7H 2 O, respectively. Glucose is a commonly utilized carbon source for providing energy for cell growth and biosynthesis of biomolecules. Specifically, glucose is also suggested as an essential nutrient for providing the carbon backbone for the formation of secondary carotenoids including astaxanthin. It was showed that a high glucose concentration in the medium facilitated the formation of secondary carotenoids in C. zofingiensis, and the present study corroborated the observation (15) . The optimum glucose level for astaxanthin production, however, was kept at 35.2 g/L in the present study.
In addition to glucose, nitrate may well exert its influence on the growth of C. zofingiensis. Nitrate concentration strongly affects cell division and the specific activity of nitrate reductase in algae (23) . It was reported that under nitrogen-starved/limited conditions, the specific activity of nitrate reductase was greatly reduced and the normal cellular metabolism of microalgae was affected. In this study, a low cell dry weight (5.55 g/L) was obtained in the nitrate-deficient medium (0.32 g/L NaNO 3 ) even when glucose was provided at an adequate concentration ( Table  5 ). The observation indicated that nitrate was essential for stimulating cell growth. In H. pluvialis, the induction of astaxanthin formation under nitrogen-deficient conditions had been reported (24) . Similarly, a glucose sufficient but nitrate-deficient condition was found to simulate the formation of astaxanthin in C. zofingiensis, which suggested that medium with a high C/N ratio might be effective for promoting the formation of astaxanthin.
Magnesium is an integral component for the formation of chlorophyll (25) . In Mg-deficiency medium, chlorophylls were reduced with a concomitant increase in carotenoids (26) . The induction of astaxanthin by magnesium deficiency was reported in H. pluvialis (27) . Our observation also suggested that a medium with limited supply of magnesium *Significant at 5%level and **significant at 1%level
provided in the form of MgSO 4 ·7H 2 O was found to stimulate astaxanthin production despite the serious hindrance of cell growth (Fig. 1B) .
Validation of the models The regression model (Eq. 3) for cell dry weight of C. zofingiensis was verified using the calculated optimal culture composition. The mean value of the cell dry weight was 13.38±0.49 g/L, which agreed with the predicted value (12.88 g/L). Similarly, a verification experiments were also carried out to confirm the accuracy of the model (Eq. 4) for astaxanthin content. Under the calculated optimal culture conditions, the mean value of astaxanthin content was 963±58 µg/g, which also agreed with the predicted value (980 µg/g). As a result, the models developed were considered accurate and reliable for predicting the cell dry weight and astaxanthin content.
Two-stage culture We applied the optimal conditions for cell growth and astaxanthin production derived from the optimization study to a two-stage culture experiment to further enhance astaxanthin production in C. zofingiensis. The two-stage culture was run together with the batch culture on the basal medium and the fed-bacth culture on the optimized medium. The time courses of glucose consumption, cell dry weight and astaxanthin content in all culture modes are shown in Fig. 2 . It was shown that the residual glucose concentration of batch, fed-batch, and two-stage culture was 0, 5.43, and 9.09 g/L, respectively. For all the cultures, cell growth rapidly increased during the first 6 d of cultivation but the cells in the fed-batch culture and the two-stage culture continued to grow rapidly until 14 d. It was demonstrated that the two-stage culture strategy was effective in improving astaxanthin production in Chlorococcum sp. and H. pluvialis (28, 29) . For astaxanthin production in H. pluvialis, the two-stage culture strategy was considered better than the one-stage system and suitable for mass production (30) . The two-stage culture strategy could not only replenish the nutrients in limitation In conclusion, the optimal culture conditions for both cell growth and astaxanthin production in C. zofingiensis were obtained by using the statistical design (RSM). According to the screening experiment, glucose, NaNO 3, and MgSO 4 ·7H 2 O were found to be the main factors affecting cell growth and astaxanthin production. Cell growth required a higher level of the major nutrients whereas astaxanthin formation was favored under nutrient deprived conditions. Under the optimal conditions, the values for cell dry weight and the astaxanthin content were 13.38 g/L and 0.96 mg/g, respectively. The two-stage culture strategy further enahnced astaxanthin production leading to a astaxanthin content and yield of 0.90 mg/g and 15.1 mg/ L, respectively. The yield obtained was 74% higher than that obtained from the batch culture. By combining the use of the optimized media and the two-stage culture strategy, the production of astaxanthin in C. zofingiensis was greatly enhanced and may be considered for future commercialization.
